Breast cancer is a leading cause of mortality and morbidity in women, mostly due to high metastatic capacity of mammary carcinoma cells. It has been revealed recently that metastases of breast cancer comprise a fraction of specific stem-like cells, denoted as cancer stem cells (CSCs). Breast CSCs, expressing specific surface markers CD44 + CD24 -/low ESA + usually disseminate in the bone marrow, being able to spread further and cause late metastases. The fundamental factor influencing the growth of CSCs is the microenvironment, especially the interaction of CSCs with extracellular matrix (ECM). The structure and function of ECM proteins, such as the dominating ECM protein collagen, is influenced not only by cancer cells but also by various cancer treatments. Since surgery, radio and chemotherapy are associated with oxidative stress we analyzed the growth of breast cancer CD44 + CD24 -/low ESA + cell line SUM159 cultured on collagen matrix in vitro, using either native collagen or the one modified by hydroxyl radical. While native collagen supported the growth of CSCs, oxidatively modified one was not supportive. The SUM159 cell cultures were further exposed to a supraphysiological (35 µM) dose of the major bioactive lipid peroxidation product 4-hydroxynonenal (HNE), a well known as "second messenger of free radicals", which has a strong affinity to bind to proteins and acts as a cytotoxic or as growth regulating signaling molecule. Native collagen, but not oxidised, abolished cytotoxicity of HNE, while oxidized collagen did not reduce cytotoxicity of HNE at all. These preliminary findings indicate that beside direct cytotoxic effects of anticancer therapies consequential oxidative stress and lipid peroxidation modify the microenvironment of CSCs influencing oxidative homeostasis that could additionally act against cancer.
INTRoDUCTIoN
In spite of the huge progress in the diagnostics and treatment of cancer in the last few decades, breast cancer still represents a leading cause of mortality and morbidity in women (Jemal et al., 2006) . The reasons for that are the high incidence of mammary carcinoma and specific biological/clinical features of breast cancer related to the spread and recurrence of malignant cells that are still not well understood. Hence, the survival curves of breast cancer patients reach a plateau after 7 to 10 years, unlike most of other cancer patients with a plateau after 2 to 5 years (Hadden, 1999) . Length of time required to reach the plateau is due to the ability of primary tumor to develop metastases even years after removal of the primary carcinoma (Jemal et al., 2006) . Tumor cells disseminated to bone marrow are regarded as biomarkers of early metastatic spread determining development of the metastases of mammary carcinoma (Braun et al., 2005) . Namely, it was shown that the majority of these disseminated tumor cells have a putative breast cancer stem cell phenotype (Balic, 2009) . It took several decades to reveal that metastases consist of disseminated tumor cells with a fraction of stem-like cells, usually anchored in the bone marrow before spreading as late metastases (Balic et al., 2006) . These particular breast cancer stem cells are denoted as cancer stem cells (CSCs), which are of great importance in cancer biology as they are involved in blood vessel formation, promotion of cell motility and resistance to therapies and especially to metastasis development (Balic et al., 2006; Charafe-Jauffret et al., 2008) . The minimal surface marker expression, associated with CSC in breast cancer, is CD44 + CD24 -/low ESA + (Al-Hajj et al., 2003) . The proportion of cells with this specific expression pattern correlates with tumorigenicity and aggressive behavior. In addition, CD44 + CD24 -/low ESA + CSC recapitulate the histology, progression, and metastatic spread of the disease (Fillmore & Kuperwasser, 2008) .
A crucial factor influencing the stem cell destiny is their microenvironment (niche) (Li & Xie, 2005 Vol. 57, No. 2/2010 165-171 on-line at: www.actabp.pl maintaining the homeostasis. Stem cells are implicated in the homeostatic processes of the breast as a dynamic gland changing its structure and function during early development, puberty, within menstrual cycles, during pregnancy and lactation, and eventual involution during menopause (Morrison et al., 2008) . Homeostasis of stem cells in the breast is achieved through interactions with fibroblasts and myoepithelial cells on one hand and with extracellular matrix (ECM) on the other (Gudjonsson et al., 2002) . Processes like chronic inflammation affecting stromal cells and ECM could, therefore, cause transformation with uncontrolled proliferation and expansion of breast cancer stem cells (Spradling et al., 2001; Tumbar et al., 2004) . Therefore, deregulation of the niche may play a role in reinduction of the CSC proliferation, while CSCs may be capable of escaping the niche control when they become independent from the niche signaling (Li & Xie, 2005) . Hence, changes in adhesion molecule expression and re-appearance of OF/LB (onco-foetal/laminin-binding) collagen is observed in breast cancer (Sirchia & Luparello, 2005; Borrirukwanit et al., 2007) , indicating that collagen is an important factor in tumorigenesis and metastasis formation. Namely, collagen forms ECM dominated by cross-linked networks of collagen type I, which is the major extracellular protein found in mammals and forms a biological barrier defending normal tissue from aggressive pathologies, such as toxic agents, infections and cancer (Brown et al., 2003; Sabeh et al., 2004) . To penetrate this structural barrier, cancer cells have developed two distinct mechanisms, protease-dependent or protease-independent invasion (Sabeh et al., 2004; Li et al., 2008; Pinner & Sahai, 2008) . Protease-dependent invasion occurs via secretion of matrix metalloproteinase family members which degrade collagen fibres (Sabeh et al., 2004) . Protease-independent invasion includes amoeboid-like behavior where tumor cells physically displace matrix fibrils, adopting thereby amoeboid shape and moving along and through collagen fibres (Wolf et al., 2003; Pinner & Sahai, 2008; Sabeh et al., 2009 ).
On the other hand, while it is well know that tumor development is also strongly influenced by oxidative stress, there no study yet has evaluated the relevance of oxidative stress for the breast cancer stem cells (BCSCs). Tumor cells have compromised antioxidative mechanisms and higher content of reactive oxygen species (ROS) creating conditions of persistent oxidative stress (Toyokuni et al., 1995) . ROS, in particular the most aggressive hydroxyl radical, act on cell macromolecules causing DNA damage, protein modifications and lipid peroxidation (Uchida et al., 1993) . Final products of lipid peroxidation are reactive aldehydes, with trans-4-hydroxy-2-nonenal (HNE) being the most intensively studied as a toxic second messenger of free radicals (Zarkovic N., 2003; Uchida, 2003) . HNE has been found to play an important role in pathology of various diseases like Alzheimer's disease, Parkinson's disease, atherosclerosis, cancer, diabetes, autoimmune diseases and bone diseases (Selley et al., 1992; Yoritaka et al., 1996; Sayre et al., 1997; Poli & Schaur 2000; Zarkovic, 2003a) . However, HNE may also act as a signaling molecule not only under physiological conditions but also in pathological ones and is, therefore, considered also a major 'bioactive marker of pathophysiological processes' associated with lipid peroxidation (Zarkovic, 2003b) . Which of these effects, cytotoxicity or growth regulation, dominates depends in particular on the HNE concentration and microenvironmental conditions of the growing cells. Under usual in vitro conditions as well as for most tissues studied, 1 μM to 10 μM HNE may be considered as physiological, above 10 μM supraphysiological and moderately toxic, while above 50 μM HNE is highly cytotoxic reaching its LD 50 or even LD 100 effect (Esterbauer et al., 1991; Zarkovic et al., 2009 ).
There is a growing body of evidence for an involvement of lipids, lipid metabolism and lipid peroxidation in breast cancer development (Boyd & McGuire, 1991; Kökoğlu et al., 1994; Ray & Husain, 2001 ). However, since BCSCs were discovered only recently, we lack information on the growth of these cells under the influence of lipid peroxidation, which might help to understand better the specific malignant biology of breast cancer and especially the influence of oxidative stress and lipid peroxidation on the viability of these cells. That might be particularly important because current cancer therapies induce oxidative stress, as in the case of radiotherapy and the frequently used doxorubicin therapy of breast cancer. Thus, the aim of the present study was to investigate the influence of HNE on the growth of human breast cancer stem cells cultured on either native or on oxidatively modified collagen resembling ECM microenvironment affected by oxidative stress.
MATERIAlS AND METHoDS
Materials. All chemicals were purchased from Sigma (Austria) unless stated differently.
Preliminary treatment of raw material. Raw calf hide was subjected to extensive washing with tap water and detergents at room temperature to remove any impurities. Non-collagenous proteins were removed by washing with 0.15 M sodium chloride. The hide was dehaired mechanically and subcutaneous fat was removed. Then, additional de-fatting with chilled acetone was carried out.
Collagen extraction and purification. The treated hide was cut into pieces and soaked in 50 mM acetic acid for 24 h in the cold. After homogenization, dilution and centrifugation, collagen was obtained by neutralization and salting out according to Miller and Rhodes (1982) . The pellet was dissolved in acetic acid, freezedried and stored at 4 °C at 10 mg/ml concentration. This material was used as native collagen. The described collagen isolation and purification is highly repeatable and convenient for standardized oxidative treatment as described below (Ciz et al., 2009) .
Oxidative treatment with hydroxyl radical (OH • ). The modification was carried out at pH about 4.0 (50 mM acetic acid). The hydroxyl radical was generated according to the Fenton reaction (Imlay et al., 1988) using the system FeSO 4 /H 2 O 2 in effective concentrations 100 μM : 2 mM. The duration of the treatment was 18 h at room temp. After intensive dialysis against diluted acetic acid and centrifugation, the collagen solution was freeze-dried and stored at 4 °C. This sample was termed oxidatively modified calf skin collagen.
Differential scanning calorimetry (DSC). Thermal denaturation of non-modified and modified collagen samples was performed and calorimetric measurements were carried out on a VP-DSC MicroCalorimeter (MicroCal, Inc., USA) with the cell volume of 0.51 ml. Data were collected from 10 °C to 50 °C at a heating rate of 0.5 °C per minute. Protein concentrations were measured according to Bradford method (Bradford, 1976) and concentrations were adjusted to 1 mg/ml in 10 mM Oxidized collagen and HNE reduce human breast cancer stem cell growth Vol. 57 167
HCl. All solutions were degassed before measurements. Reference baseline was obtained by buffer vs. buffer scan and subtracted from the measured data. The obtained results were analyzed using the Origin software (Microcal Software, Inc., USA).
Circular dichroism (CD)
. CD-spectra were obtained for native and oxidized (OH • ) collagen samples at 0.38 mg/mL and 0.40 mg/mL dissolved in 50 mM acetic acid, respectively. The spectra were collected in the range 200-300 nm at room temp. in 0.5 mm quartz cuvettes on a Jobin Yvone CD 6 equipment. The baseline (of acetic acid alone) was subtracted.
Dot-blot for HNE-collagen adducts. Collagen and oxidized collagen were re-dissolved in diluted acetic acid (50 mM) in a final concentration of 2 mg/ml. They were further diluted with de-ionized water to be used at 5 µg/ cm 2 for collagen coating and treatment with 10, 35 or 50 μM HNE for 1 h. After treatment with HNE, 100-μl samples were spotted onto nitrocellulose membrane (Amersham). The membrane was incubated in blocking solution (2 % nonfat milk powder in PBS) at room temp. for 60 min and subsequently incubated overnight with mouse monoclonal antibody directed against HNE-histidine epitope as described before (Sovic et al., 2001) . The blot was incubated with 3 % H 2 O 2 to block endogenous peroxidases and then washed and incubated with EnVision (Dako, Denmark) for 30 min. Immune complexes were visualized using the 3,3'-diaminobenzidine tetrahydrochloride (Dako, Denmark) staining and scanned for quantification of signals. Negative controls were included in all experiments in the which tested antibody was omitted and replaced by control diluent (1% BSA in PBS).
Collagen coating. Freeze-dried collagen samples were dissolved in diluted acetic acid (50 mM) in a final concentration of 2 mg/ml. Collagen coating of 96-well plates (TTP, Trasadingen, Switzerland) was preformed by adding 50 µl of collagen dissolved in deionised water to a final concentration of 5 µg/cm 2 . The microwell plate was left to dry in a laminar flow hood overnight and sterilized under UV light for 20 min.
Cell line. Human breast cancer cell line SUM159 was obtained from Asterand (Detroit, MI, USA), and cultured according to supplier's recommendations. Previously, it was shown that these cancer stem cells express CD44 + /CD24 -/low /ESA + and are able to form mammospheres (Dontu et al., 2003) , which is a specific feature of cancer stem cells. We cultivated our cells in mammosphere-inducing conditions; therefore the SUM159 cells used could be indeed considered as breast cancer stem cells resembling those cancer stem cells which disseminate and cause metastases formation. For the culture of mammospheres viable, floating single cells were collected from the supernatant of confluent breast cancer cell culture and after centrifugation at 125 × g for 5 min seeded in ultra low attachment flasks (Corning, New York, USA). The culture of mammospheres was performed as previously published (Dontu et al., 2003; Ponti et al., 2005) . Briefly, cells were grown in serum-free MEBM (Lonza, Basel, Switzerland) supplemented with 10 ng/ ml basic fibroblast growth factor (bFGF), 20 ng/ml epidermal growth factor (EGF), 5 µg/ml insulin (all from Peprotech, New York, USA), and 20 µl/ml B27 supplement (Invitrogen).
Cell viability assay. Mammospheres were collected from medium, dissociated by passing the cell suspension through a sterile syringe. The obtained cell suspension was counted, diluted to a density of 10 4 cells/well and seeded in microwell plates coated with native or oxidized collagen, or without collagen. Cells were then treated with 35 μM HNE (Alexis, USA) for 24 h when MTT assay (EZ4U, Biomedica Austria) was done according to manufacturer's instruction (Cazacu et al., 2003) . The HNE concentration used was chosen according to literature data which denote 1-10 μM HNE as physiological, above 10 μM supraphysiological and above 50 μM as highly cytotoxic. Hence, 35 μM represents a supraphysiological concentration which one may assume could be generated by aggressive radio-or chemotherapy.
Immunocytochemical staining for HNE-protein adducts. Mammospheres were collected from medium and dissociated by passing through sterile syringe. The obtained cell suspension was counted, diluted to a density of 10 4 cells/well and seeded in microwell plates coated with native or oxidized collagen. Cells were left for 1 h to allow them to adhere, and then were treated with 10, 35 or 50 μM HNE (Alexis, USA) for 2 h. Cells were the fixed for 2 min in methanol and formalin. Immunocytochemical staining for HNE-protein was performed as described before (Zarkovic et al., 1997) using EnVision (DAKO, Denmark). Samples were incubated with anti-HNE monoclonal antibodies (dilution 1 : 10) for 2 h in humid chambers at room temp., washed three times for 5 min with phosphate-buffered saline (PBS) and then incubated with biotinylated secondary antibody for 30 min. After washing with Tris-buffered saline (TBS), three times for 5 min, samples were incubated with streptavidin-peroxidase for 30 min. Finally, the reaction was visualized with DAB (3,3-diaminobenzidine tetrahydrochloride in organic solvent; DAKO, Denmark) giving a brown color that indicated the presence of HNE. Negative control was done without application of the HNE-histidine specific monoclonal antibodies.
RESUlTS AND DISCUSSIoN
Since extracellular matrix (ECM) contains abundant type I collagen as the major protein component we used calf skin collagen as an adherent surface for breast cancer stem cells. Treatment with hydroxyl radical, the most reactive oxygen free radical, generated from hydrogen peroxide was used to induce oxidative modification of collagen. Thus oxidized collagen and the native one were used as substrate to culture human breast cancer stem cells (CD44 + CD24 -/low ESA + ) of the SUM159 cell line with polystyrene (PS) surface as a control. Cells cultivated in this manner were treated with 35 μM HNE to further simulate the cancer microenvironment under severe lipid peroxidation as in the case of radio-and chemotherapy. The treatment of collagen with hydroxyl radical induced a modification of collagen that was characterized by a decrease in denaturation temperature ( Fig. 1 and Table 1 ). The differential scanning calorimetry (DSC) scan rates of 0.5-1 °C/min showed two denaturation transitions for non-modified collagen at 40.1 °C (the major denaturation transition) and 33.9 °C (the minor denaturation transition or pre-transition). The modification of collagen with hydroxyl radical resulted in two denaturation transitions and redistribution of the peak areas -the main denaturation transition occurred at 33.0 °C, while a minor part of the sample denaturated at 40.5 °C. This observation indicates that the oxidative radical treatment affected a major part of the protein causing significant structural changes, still leaving a minor amount of protein intact. A small endothermic transition at 33-35 °C, referred to as "pre-transition", has been recorded in several studies (Privalov & Tiktopulo, 1970; Danielsen, 1982; Wallace et al., 1986; Condell et al., 1988) . Although the nature of the structural changes underlying this transition has not been clarified, it seems that the pre-transition is entirely due to collagen oxidation, as discussed in the paper of Komsa-Penkova et al. (1999) . In our particular case the sample termed as nonmodified also exhibited this minor pre-transition. This might be a consequence of the quality of the starting material, the isolation procedure, storage conditions of the raw material or its preliminary treatment and could well resemble native condition of collagen. Upon treatment with hydroxyl radical the oxidized collagen showed a pattern which differed from the native collagen by a pronounced re-distribution of peak areas. From the circular dicroism analysis (Fig. 2) it is obvious that the oxidative treatment caused significant structural changes in the collagen molecule. The intensity of the specific band at 222 nm dropped down indicating approx. 70 % loss of native structure. Komsa-Penkova et al. (1999) have shown that oxidative treatment leads to diminishing of the amino-nitrogen content, i.e. modification of the epsilon-amino groups of the lysine amino-acid residues. This is analogous to the physiological aging processes based on the lysyl oxidase action. Highly reactive aldehyde groups are formed, which start the processes of intra-and intermolecular cross-linking. This might lead to limited interaction with growing cells. We also observed reduced collagen solubility after such treatment, which confirms indirectly the mentioned observation. It is well known that the hydroxyl radical is extremely aggressive and therefore it unavoidably attacks proteins present in the reaction medium. The collagen portion affected by hydroxyl radical was very pronounced as obvious from the DSC-profiles (Fig. 2) . This phenomenon was observed also by Komsa-Penkova and coworkers.
The viability, as measured by the MTT assay, of the SUM 159 cancer stem cells grown on different surfaces in dependence of exposure to HNE is presented on Fig. 3 . In comparison to the PS, native collagen increased the viability of the cells as well as it abolished cytotoxicity of HNE. However, such stimulating and protective effects of collagen were lost if it was oxidized. Namely, HNE treatment of the SUM159 cells cultured on oxidized collagen resulted in a significant decrease of their viability (P < 0.05), as if there was no collagen at all, while oxidized collagen itself reduced the viability of the cells in comparison with native collagen. Thus, oxidized collagen cannot support the growth of SUM159 cells and it cannot attenuate the cytotoxic effects of HNE. In agreement with this are also results of analysis of the cell culture morphology presented in Fig. 4 . At this point we assumed that native collagen binds HNE and thereby attenuates its toxicity. A major characteristic of HNE is its high affinity for amino acids, in particular histidine, lysine, cysteine and arginine (Esterbauer et al., 1991) . This would reduce the ability of HNE to bind to cancer cells and reduce their viability. To test this possibility we performed dot-blot analysis for HNE-histidine adducts on oxidized and native collagen (Fig. 5) . Surprisingly, the dot-blot showed that oxidized collagen had more HNE-protein adducts compared with native collagen. In order to confirm this observation we per- formed immunocytochemical staining for HNE-histidine adducts on SUM159 cells cultivated on oxidized or on native collagen and treated with HNE (Fig. 6 ). These results showed higher HNE-positivity in the cells cultivated on oxidized than on native collagen as analyzed by color intensity. Although contradictory to our initial assumption, these results explain the lower viability on oxidized collagen. Cells grown on oxidized collagen had a higher content of HNE-protein adducts which probably decreased their viability. On the other hand, treatment with HNE did not influence substantially the growth of cells cultured on native collagen, hence we assume that oxidatively modified collagen upon hydroxyl radical treatment underwent further chain reaction of oxidation that might have affected its affinity for HNE if not fatty acids as well. This possibility will be further studied to evaluate the mechanisms of interaction of lipid peroxidation products and collagen matrix influencing the growth of breast cancer stem cells.
It should be mentioned that the observed effects of HNE could reflect not only direct cytotoxicity of the aldehyde but also a growth regulating effect of HNE in combination with the observed cytotoxicity of oxidized collagen. HNE is well known to act as a growth regulating factor interfering in a dose-dependent manner with cytokines, affecting autocrine and paracrine growth regulation and cellular response to stressful conditions, among which we could also consider oxidation of the surrounding ECM, i.e. collagen as in the case of this study (Zarkovic et al., 1993; 1999; Kreutzer et al., 1998) . HNE binds in particular to membrane-associated proteins and could therefore affect interactions between cancer cells and the surrounding ECM (Sovic et al., 2001; Zarkovic, 2003; Borovic et al., 2008) . Since the effects of HNE depend on the intensity of its binding to the proteins, we could assume that HNE could also change the structure and functions of ECM proteins, in particular collagen. If so, it could influence the cells both directly by binding to their membrane-associated proteins and indirectly by changing the proteins of their microenvironment. This possibility will be further evaluated in future studies, because the results of the current study indicate for the first time a potentially crucial role of oxidative stress in modification of cell growth by modified ECM and enhanced cytotoxicity of HNE, in agreement with recent findings on the fundamental importance of ECM in cancer development influencing the shape and behavior of normal, transformed and stem cells (Ingber, 2008) . Native collagen, oxidized collagen, and unmodified polystyrene were used as culture surface. Cell viability was measured by MTT assay. *P < 0.05 compared to control cells grown on native collagen; **P < 0.05 compared to HNE-treated cells grown on native collagen, + P < 0.05 compared to control cells grown on oxidized collagen. Although HNE acts in a concentration-dependent manner as a growth regulating factor when present at low, physiological concentrations or as cytotoxic factor in supraphysiological concentrations, we may assume that in the case of severe oxidative stress that might be induced by radio-and/or chemotherapy of cancer, HNE would act mostly as a cytotoxic factor even if generated below the highly toxic dose. Namely, in the case of oxidative stress the ECM proteins would be modified in a similar way as was collagen modified with hydroxyl radical in this study, hence in the interaction between ECM and surrounding cells, HNE would exert high cytotoxicity because it would not be bound to ECM. The possibility of such secondary anticancer effects of oxidative stress and lipid peroxidation, in particular of HNE, influencing cancer stem cells through modification of their microenvironment could be important in determining cancer progression versus efficiency of cancer therapies applied and should be, therefore, further studied. We hope that the preliminary results presented will encourage also other researchers to study this important but not well recognized topic.
